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A Hyperthermostable D-Ribose-5-Phosphate
Isomerase from Pyrococcus horikoshii
Characterization and Three-Dimensional Structure
rine heterotroph, was isolated in 1986 [8]. In P. furiosus,
carbohydrates are metabolized via an unusual version
of the Embden-Meyerhof pathway in which glyceralde-
hyde-3-phosphate oxidation is catalyzed by a novel en-
zyme requiring ferredoxin instead of NAD(P) and tung-
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thesis of aromatic amino acids). The PRI, which appearsNishihara, Shibuya-ku
Tokyo 151-0066 to be ubiquitous in all living cells, is of particular metabolic
importance, since it catalyzes the interconversion be-Japan
tween the ribose and ribulose forms involved in the pen-
tose phosphate cycle and in the process of photosyn-
thesis [11–13]. Although PRI-related sequences haveSummary
been found in many organisms, only one PRI from Arch-
aea has been described in Methanococcus jannaschiiA gene homologous to D-ribose-5-phosphate iso-
merase (EC 5.3.1.6) was found in the genome of Pyro- [14]. The presence of PRI in Pyrococcus has never been
reported, nor have any studies been published so far tococcus horikoshii. D-ribose-5-phosphate isomerase
(PRI) is of particular metabolic importance since it our knowledge giving details of the structure and the
catalytic mechanism involved.catalyzes the interconversion between the ribose and
ribulose forms involved in the pentose phosphate cy- This paper describes the overexpression of a P. hori-
koshii PRI-related protein and its enzymatic properties.cle and in the process of photosynthesis. The gene
consisting of 687 bp was overexpressed in Escherichia The crystal structures of the enzyme free and in complex
with an inhibitor are described and analyzed.coli, and the resulting enzyme showed activity at high
temperatures with an optimum over 90C. The crystal
structures of the enzyme, free and in complex with Results and Discussion
D-4-phosphoerythronic acid inhibitor, were deter-
mined. PRI is a tetramer in the crystal and in solution, Gene Structure and Sequence Alignment of PRI
A single open reading frame consisting of 687 nucleo-and each monomer has a new fold consisting of two
/ domains. The 3D structures and the characteriza- tides (accession number AP000006) with a high level
of homology with PRI was previously observed in thetion of different mutants indicate a direct or indirect
catalytic role for the residues E107, D85, and K98. genome of P. horikoshii [4, 5]. The open reading frame
is preceded by AT-rich regions in which a putative ribo-
some binding site AAGGGAT at position6 and a puta-Introduction
tive promoter consensus sequence (TTATAA) at position
38 from the ATG initiation site were detected. ThisThe hyperthermophilic archaeon Pyrococcus horikoshii
is able to grow at temperatures of up to 102C, with an consensus sequence resembles the eukaryotic TATA
box and confirms the archaeal consensus sequenceoptimum temperature of 95C [1–3]. The interest for this
hyperthermophile raised the P. horikoshii genome se- TTA/TT/AAX, which was determined by analyzing more
than 80 archaeal promoters [15, 16]. The promoter se-quencing project at the National Institute of Technology
and Evaluation, Japan [4, 5]. In this context, newly identi- quence is located within the proposed consensus dis-
tance [17]. From these data, the sequence was deduced.fied genes coding for enzymes were overexpressed as
part of the genome project for structure/function rela- The protein is composed of 229 amino acids and its
theoretical molecular weight is 25,163.tionship studies [6, 7].
One of the most extensively studied hyperther- Alignment of PRI sequences from various sources and
of PRI-related proteins shows that the conserved resi-mophiles, Pyrococcus furiosus, a rapidly growing ma-
5 Correspondence: kazu-ishikawa@aist.go.jp (K.I.), roussel@afmb. Key words: isomerase; pentose phosphate cycle; Pyrococcus hori-
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Structure
878
Figure 1. Aligned Amino Acid Sequences of PRIs
The conserved residues, identified automatically using the program Alscript [44], are shown in yellow. The abbreviations of the enzyme sources
are: Ph, Pyrococcus horikoshii (this study); Mj, Methanococcus jannaschii [34]; Ec, Escherichia coli [32]; Sp, Spinacia Oleracea [35]; Sc,
Saccharomyces cerevisiae (Z75003); Sy, Synechocystis sp. [36]; and Mo, Mus Musculus (L35034). The boxed regions were observed around
the inhibitor binding site (Figure 6).
dues (about 30%–50%) are distributed relatively uni- protein has an apparent molecular weight of 98 kDa,
as estimated by HPLC on a calibrated TSK gelformly (Figure 1). The protein from P. horikoshii shows
50% identity with PRI from Methanococcus jannaschii, G2000SWXL. All in all, these results suggest a tetrameric
structure, as previously described for Candida utiliz en-37% with that from E. coli, and 40% with that from mice,
covering all three domains of life. The motif zyme [21].
[LIV]GxGxGST [VIAT], resembling the nucleotide binding
motif [LIV]GxGx[FIM][SG]xV in protein kinases [18, 19], Thermostability of the Enzyme
was observed at position 24 according to the system Thermostability was evaluated by CD and DSC. Compar-
of protein numbering used (Figure 1). A comparative isons between the CD spectra of the protein obtained
analysis of the amino acid composition among PRIs at 25C and 90C (Figure 2A) showed that the content
from mesophilic and thermophilic organisms highlights of the secondary structure was still significant at 90C.
preferential changes in the thermophiles: decreases in The change in the heat capacity was determined by
Gln and Ser, and increases in Ile and charged residues performing DSC from 0C to 125C (Figure 2B). A single
Glu and Lys as already found by comparing whole ge- peak occurring at around 120C at the first scan (Figure
nomes [20]. The phylogenetic trees (data not shown) 2B) also indicated that this is a hyperthermophilic pro-
suggest that the PRI family can be subdivided into three tein. It is worth noting that the change in the heat capac-
subfamilies: (i) bacterial PRIs, (ii) archaeal PRI and Sy- ity was observed only at the first scan, which indicates
nechocystis PRI, and (iii) eukaryotic PRIs. the occurrence of an irreversible heat denaturation pro-
cess. All these data show the stability and integrity of
the protein up to 100C. This thermostability was foundOverexpression of the Recombinant Protein
to depend on the NaCl content (data not shown). PRIThe gene was expressed in E. coli BL21 (DE3) pLysS
from P. horikoshii (PRIPh) needs at least 250 mM NaClinstead of BL21 (DE3). The recombinant protein ex-
to maintain its hyperthermostability.pressed amounted to 30% of the total protein content
of the cell extract. After a final purification step, the
purity of the protein was assessed by performing SDS- Enzymatic Activity of PRI Recombinant Protein
All the experiments described here were conducted atPAGE, which yielded a single band. The molecular
weight (MW) of the protein subunit determined by SDS- high temperatures. The kinetic parameters involved in
forward and reverse reactions were measured using ri-PAGE (26 kDa) was in agreement with the theoretical
MW (25,163 Da). The amino acid N-terminal sequence bose 5-P and ribulose 5-P as substrates, respectively.
The optimum pH was 6.0 at 50C. The forward reactionwas in agreement with that deduced from the DNA se-
quence. The N-terminal residue of the recombinant pro- (kcat  0.32  103 s1) was six times faster than the
reverse reaction (kcat  0.05  103 s1) at 50C. Thetein is a methionine coded by an initiation codon. The
Hyperthermostable D-Ribose-5-Phosphate Isomerase
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Figure 2. Thermostability of the Enzyme
(A) CD spectrum of PRIPh in 50 mM Na-phos-
phate buffer (pH 6.0) containing 250 mM NaCl
at 25C (bold line) and 90C (thin line).
(B) DSC curves of PRIPh. The thermal dena-
turation pattern was obtained in a solution
containing 50 mM Na-phospate buffer (pH
6.0) and 250 mM NaCl with a protein concen-
tration of 5.8 M. The thin lines without any
peaks are baselines obtained in the buffer
containing no protein.
kcat constant of the forward reaction increased steadily in the enzyme occurs at temperature (Tr) through the
following equilibrium states:under the experimental conditions from 50C to 93C at
pH 6 (Figure 3A). The kcat value at 93C was 6.25  103 Tr (1)s1, compared with spinach mesophilic PRI, which is
2.02  103 s1 at 37C [22]. The optimum temperature E ↔ E* → Unfold K  [E*]/[E],
was estimated to be over 95C (Figure 3), which shows
where K depends on the temperature as follows:the extremely thermophilic nature of PRIPh. There was
a dramatic increase of the Km values at temperatures of H  2.3 R d(log K )/d (1/T). (2)
more than 80C (Figure 3B). Like several thermophilic
The mechanism at work in each enzyme (E and E*) hasenzymes [1], the recombinant PRIPh undergoes a ther-
different parameters (Km and kcat, and Km* and kcat*). Nomal transition in its conformation near 80C as shown in
irreversible denaturation (E* → Unfold) was observedArrhenius and van’t Hoff plots (Figure 3). The activation
in the temperature range examined (25C–98C). Theenergy changed at temperatures above the transition
apparent kcat app and Km app can be derived fromtemperature. Breakpoints in Arrhenius plots have been
Scheme 1 using the stationary state method.observed for other enzymes from P. furiosus, including
hydrogenase [1], ferredoxin [9, 23], glutamate dehydro-
Km app  (1  K)/(K/Km*  1/Km)genase [24], and aromatic amino acid aminotransferase
[25]. In the case of glutamate dehydrogenase, the transi- kcat app  (kcat K m*  kcat* Km K)/(Km K  Km*)
tion was associated with a conformational change. One
Hm  2.3 R d(log Km)/d (1/T)of the most interesting characteristics of PRIPh is the
drastic increase in the Km found to occur above the Hm*  2.3 R d(log Km*)/d (1/T)
transition temperature in the van’t Hoff plots. The ther-
E  2.3 R d(log kcat)/d (1/T)mal transition observed in Arrhenius and van’t Hoff plots
was analyzed using Scheme 1. E*  2.3 R d(log kcat*)/d (1/T). (3)
The kinetic parameters were calculated using EquationsScheme 1
In this scheme, two kinds of states (E and E*) of the 1, 2, and 3 with a Gauss-Newton variation (Table 1). The




Noncrystallographic averaging techniques were ap-
plied, and this yielded a high quality electron density
map on which it was possible to unambiguously identify
221 out of the 229 residues present in a monomer. The
refinement procedure at 2.9 A˚ resolution was performed
quite straightforwardly using molecular dynamic tech-
niques. At this stage, the four monomers were kept iden-
tical. Electron density patches could be observed which
made it possible to reconstitute the missing residues.
The model corresponding to the complete monomer
was then transferred to the high-resolution data set.
No further NCS constraints were applied to the four
monomers for the refinement at 1.75 A˚ resolution. The
final model included 4  229 residues (7008 protein
atoms) and 528 water molecules.
Monomer Structure and Chain Topology
The monomer consists of two domains linked by a short
three-stranded  sheet (Figure 4). The first domain fold
is a typical open 	/ structure with a central seven-
stranded  sheet (six parallel strands and one antiparal-
lel strand) surrounded by five 	 helices. The helices
have been numbered sequentially from 	1 to 	5 and the
sheet-strands from 1 to 7. A large protruding domain,
from residue 123 to 213, replaces the helix normally
observed between strands 5 and 6. This domain folds
into another 	/ structure formed by a four-stranded
antiparallel  sheet (strands numbered A–D) and two
helices (	A and 	B) located on the same face of the 
sheet. A large loop (
t, from residue 162 to 177) is in-
Figure 3. Dependence of the Kinetic Parameters of Wild-Type serted between strands B and C and plays an impor-
PRIPh and Mutant PRIPh (R100A) on Temperature
tant role in the tetramerization, as described below. Both
(A) Arrhenius plots. (B) van’t Hoff plots. The solid lines are the theo-
domains contain extended hydrophobic core regions.retical curves based on Equations 2 and 3 with the corresponding
In the first domain, the hydrophobic cluster is composedkinetic parameters (Table 1). The dotted lines are the results of a
of residues from strand 4 and helices 	1 and 	2. Thesimple analysis of van’t Hoff plot for the mutant R100A with the
kinetic parameters Hm (50C–80C)  6.89  0.19 (kcal/mol) and phenylalanine residue, F35, sits at the center of the clus-
Hm* (80C–95C)  11.73  0.79 (kcal/mol). ter. In the protruding domain, the hydrophobic cluster
is composed of residues from strands A–C and heli-
ces 	A and 	B. Phenylalanine F155 sits in the center
results of the DSC and CD indicate that no major confor- of this cluster. A search for homologous structure was
mational changes occurred in the temperature range performed on DALI server [26]. The structure of the first
examined (25C–98C) but that there are two different domain is related to the structure of glucosamine
kinds of enzymatic mechanisms that undergo reversible 6-phosphate deaminase (PDB code 1DEA, 3.0 A˚ of rmsd
thermal changes at temperatures (Tr) of about 80C. The for 124 residues), while the protruding domain resem-
considerable change found to occur between Hm and bles ribosomal protein s6 (PDB code 1RIS, 2.1 A˚ of rmsd
Hm* (Table 1) indicates that the conformation of the for 61 residues).
hydrogen bond between the substrate and the enzyme
in the ES complex was affected by the temperature of Tetramer Structure
Tr even in this thermostable enzyme with a denaturation A homotetramer can be distinguished in the crystal
temperature of over 100C. structure of PRIPh (Figure 5). The results of the HPLC
experiment also show that PRIPh is present in solution.
Structure Determination: Overall Structure The tetramer shows a 222 symmetry and each monomer
The structure of PRIPh was solved using the Multiple contacts all three symmetry-related partners. The mono-
Isomorphous Replacement method (MIR) with two de- mers have been numbered 1, 2, 3, and 4 (Figure 5),
rivatives, mercury acetate and lead acetate. Four mer- and their amino acids were indexed with a superscript
cury sites were found by Patterson search and refined corresponding to the monomer numbering in order to
to obtain an initial set of phases. Six lead sites were
then found in cross-phased difference Fourier maps.
Table 1. Kinetic Parameter of Equations 1, 2, and 3 at 25CThe resulting 3.0 A˚ resolution MIR map showed clearly
visible molecular boundaries. Solvent-flattening tech- H 227  89.0 (kcal/mol)
Hm 1.41  0.22 (kcal/mol)niques were used to improve the quality of the phases.
Hm* 37.6  3.74 (kcal/mol)Chain tracing was carried out on one of the monomers.
E 22.0  5.74 (kcal/mol)This first quickly drawn model was then used to find the
E* 27.3  5.74 (kcal/mol)
position of the other monomers in the asymmetric unit.
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Figure 4. PRIPh Monomer Structure
(A) Stereo view of a ribbon diagram. The carboxyl residues D85 and E107 are shown in ball and stick form. The figure was prepared using
Molscript [45].
(B) Topology diagram of PRIPh.  strands are labeled 1–7, a–c, and A–D, and 	 helices are labeled 	1–	5 and 	A–	B.
describe the monomer-monomer interactions. The in- 	B1 and 	B2. In addition, hydrophobic interactions were
observed between Y581 and E1782. A putative Na ionterface contacts were mainly hydrophobic, with few
specific polar interactions. This correlates well with the is located between E1751 and E1752. The interface area
between monomers 1 and 4 (or 2 and 3) is small, sincegeneral observation that increased hydrophobicity in-
creases stability [27]. The contacts found to occur be- only two polar pairs formed between K611 and S734, and
S731 and K614 were observed.tween monomers 1 and 3 (which are equivalent to mono-
mers 2 and 4) were polar interactions mainly occurring
in the loops (162–177). For instance, a polar pair cluster Active Site and the Structure of the Enzyme/
Inhibitor Complexis formed between M1631 and N1663; N1661 and M1633;
K1671 and D1743; and D1741 and K1673 . This loop seems D-4-phosphoerythronic acid is a strongly competitive
PRI inhibitor [28]. Crystals of the complex PRIPh/D-4-to play an important role in the dimerization of PRIPh.
The contact area between monomers 1 and 2 (3 and 4) phosphoerythronic acid were obtained using cocrystalli-
zation procedures (see Experimental Procedures). Theyincluded polar pairs formed between 	A1 and 	B2, and
Structure
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Table 2. Kinetic Parameters of the Mutant PRIs
kcat (s1) Km (mM)
Wild-type 320  29 1.17  0.35
D85N 8.3  0.55 0.71  0.11
R100A 177  30 7.13  2.00
E107Q 0.1 N.D.
K125A 151  33 5.1  0.71
D168N 312  47 2.39  0.48
kinetic parameters of the mutants are shown in Table 2.
The loss of activity (less than 0.03% of residual activity)
provided by the mutation E107Q and its position close
to the carboxyl end of the inhibitor point out this residue
as the best candidate for the general base. By changing
D85 to N in PRIPh, the activity was decreased to about
2.5%. In triose-phosphate isomerase [29], H95 polarizes
the substrate and accelerates the catalysis. In PRIPh
cavity, there is no histidine, but the residue D85 close
to the D-4-phosphoerythronic acid molecule could par-
ticipate in the polarization. It is worth noticing the pres-
ence of a lysine (K98), which makes hydrogen bond
with D85. These results correlate partially with those
obtained with the spinach mesophilic PRI [22], which
indicate that the conserved residues D87 and K100 (cor-
responding to D85 and K98 in PRIPh) play a direct or
indirect catalytic role.
The residues R100 and K125, which are located near
the phosphate residue of D-4-phosphoerythronic acid,
are probably involved in the binding to the phosphate
part of the substrate. The motif24[LIV]GxGxGST[VIAT]
of PRI, which resembles the typical nucleotide binding
motif [LIV]GxGx[FIM][SG]xV of protein kinases [18, 19]
is involved in the phosphate binding process (Figure
6). The R100 belongs to the region 98KGxGxxxxxEK
located at the inhibitor binding site (Figure 6). The tem-
perature-dependent activity of R100A was measured
(Figure 3). The pronounced breakpoint in the van’t Hoff
plots, observed for wild-type PRIPh, was not observed
for R100A (Figure 3B). Therefore, it was not possible toFigure 5. Ribbon Diagram of Tetrameric State of PRIPh
analyze the data using the same scheme as for the wild-Monomers 1, 2, 3, and 4 are drawn in yellow, red, dark blue, and blue,
type. However, by using a simple analysis of van’t Hoffrespectively. A particularly extended contact area (loop 162–177)
plots, the values of Hm (50C–80C) and Hm* (80C–occurs between monomers 1 and 3 (equivalent monomers are 2 and
4). The D-4-phosphoerythronic acid molecule (inhibitor) is shown in 95C) were determined to be 6.89  0.19 kcal/mol
space-filling diagram form (green). The blue arrow shows the residue and 11.73  0.79 kcal/mol, respectively. The small
D168 from monomer 3 close to the active site of monomer 1. The variation indicates that R100A mutant does not undergo
molecule in the second view is rotated by about 90 along the vertical
the same thermal transition as the wild-type. The non-axis. The figures were drawn using Molscript [45].
conserved residue R100 is likely to participate in the
hydrogen bonding thermal change observed for PRIPh.
belong to the same space group P212121 as native PRIPh
crystals. As described above, each monomer showed Biological Implications
a large cavity facing a neighboring monomer (between
1 and 3, and between 2 and 4) (Figure 5). In each cavity, The hyperthermophilic archaeon Pyrococcus horikoshii
is able to grow at temperatures of up to 102C. The genean electron density region compatible with D-4-phos-
phoerythronic acid was present. It is worth noting that of P. horikoshii coding for PRI was overexpressed, and
the resulting enzyme was characterized as part of thethe conserved sequences 25GxGxGST, 85DGAD,
and 98KGxGxxxxxEK are located at the entrance, in- genome project for structure/function relationship stud-
ies. This paper describes a three-dimensional structureside, and at the bottom of the cavity, respectively. There-
fore, site-directed mutagenesis experiments were de- of a PRI protein. The crystal structure and the site-
directed mutagenesis results made it possible to deter-signed in order to examine the role of the residues
present in the cavity. Several mutants of PRIPh were mine the residues that play a role in isomerization in
PRI. The present study shows that the carboxyl residueprepared: E107Q, D85N, D168N, K125A, and R100A. The
Hyperthermostable D-Ribose-5-Phosphate Isomerase
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Figure 6. Structure of the Active Site of
PRIPh
Stereo diagram of the inhibitor (green) and its
environment; protein atoms from monomer 1
are shown in atom type (oxygens and nitro-
gens are colored red and blue, respectively);
those from monomer 2 are colored pink.
Atoms are shown in stick diagram form. The
map shown is the difference Fourrier Fo-Fc
electron density contoured at 3 obtained
after one cycle of refinement without the in-
hibitor. The figure was prepared using Turbo-
Frodo [41].
bovine DNase I in 10 ml of 50 mM Tris HCl buffer (pH 8.0) containingE107 is likely to act as the general base. The polarization
1 mM Mg2SO4 for 20 min. The cell paste was resuspended with 40mechanism for the substrate still remains unclear. The
ml of the same buffer and heated at 85C for 30 min. After a 30low activity of the mutant D85N points to this conserved
min centrifugation step at 5000  g, the supernatant was dialyzed
residue as a possible candidate. However, the presence against 50 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl at
of the conserved lysine K98 in the vicinity of the inhibitor 4C overnight. The recombinant protein was purified by performing
ion exchange chromatography on a HiTrap Q column (Pharmaciacould suggest such a role for this residue. The loop
Biotech) using a linear gradient elution with a 0–1 M NaCl solution.(from residue 162 to 177) between strands B and C
Gel filtration was then performed on a HiLoad 26/60 Superdex 200was found to play an important role in the tetramerization
pg column (Pharmacia Biotech) with 50 mM Tris HCl buffer (pH 8.0)of PRI from P. horikoshii (PRIPh) and probably to con-
containing 1.0 M NaCl. The last purification step was a hydrophobic
tribute to the thermostability of PRIPh. The motif chromatography on a HiTrap Phenyl Sepharose 6 (high sub) column
24[LIV]GxGxGST[VIAT] of PRI, which resembles the (Pharmacia Biotech) using a linear gradient elution with 1.8–0 M
(NH4)2SO4 solution. The active fractions were dialyzed against 50typical nucleotide binding motif of protein kinases, is
mM Tris HCl buffer (pH 8.0) containing 150 mM NaCl at 4C andinvolved in the phosphate binding process. The noncon-
stored at 4C. The protein content was determined with Coomassieserved residue R100 that is located at the entrance of
Protein Assay Reagent (Pierce Chemical Company, Rockford, IL)the active site participates in the thermal changes of
using bovine serum albumin as the standard. Protein sequencing
the hydrogen bonding network between the substrate of the recombinant PRIPh was performed by Takara Shuzo Co. Ltd.
and the enzyme at temperatures of around 80C. (Otsu, Shiga, Japan) using a protein sequencer PSQ-1 (Shimazu,
Kyoto, Japan).
Experimental Procedures Site-directed mutagenesis was performed using PCR [31]. The
entire region of the DNA fragment was sequenced to check whether
pET-11a vectors and E. coli strain BL21 (DE3) and BL21 (DE3) pLys only the expected mutation had occurred. The expression and purifi-
were purchased from Novagen (Madison, WI). Vent DNA polymerase cation of the mutants were performed using the same methods as
was obtained from New England Biolabs (Hertfordshire, UK). Re- those used with the wild-type strain.
striction enzymes were purchased from Promega (Madison, WI) and
Toyobo (Osaka, Japan), and were used according to the manufactur-
Enzyme Assayser’s instructions. D-4-phosphoerythronic acid was prepared from
The enzyme solution was stored at 4C in 50 mM Tris-HCl bufferD-erythrose 4-phosphate [28].
(pH 8.0) containing 150 mM NaCl and diluted immediately prior to
use. PRIPh activity was measured as described previously [32]. ThePreparation of the Recombinant Protein
initial velocities (v) were obtained directly from the initial slopes ofThe gene that codes the PRI homolog was found using the BLASTX
the plots of the reaction with time. The kcat and Km values weresearch procedure [30]. The expression vector pET-11a was modified
calculated from the plots of the initial velocities against the substrateto obtain a single Xho I site using PCR. Based on the open reading
concentrations from 0.5 to 23 mM using the Michaelis-Menten equa-frame obtained for the PRI homolog in the P. horikoshii genome,
tion and the least-square’s method [33].DNA fragments containing the frames and restriction sites were
amplified using PCR.
The amplified gene was expressed using the pET11a vector sys- Thermostability of the Enzyme
Thermostability of the enzyme was measured by circular dichroismtem in the host E. coli BL21(DE3) according to the manufacturer’s
instructions. The mutant cells were grown in 2YT medium (yeast spectroscopy (CD) and differential scanning calorimetry (DSC). CD
spectra were measured with a CD spectrometer (model 62A DS)extract 1%, tryptone 1.6%, and NaCl 0.5%) containing ampicillin
(100 g/ml) at 37C. After incubating the preparation by shaking it at (Aviv Instrument, Lakewood, NJ, USA), using a 5 mm path-length
quartz cell in the far-UV region. All the measurements were con-37C until the OD600 reached 0.6–1.0, the expression of recombinant
protein was induced by adding isopropyl -D-thiogalactopyrano- ducted in 50 mM phosphate buffer (pH 8.0) containing 250 mM
NaCl. DSC experiments were performed using a model DSC5100side at a final concentration of 1 mM and shaking the preparation
for 4 hr at 37C. The cells were collected by centrifugation and stored calorimeter (Calorimetry Science Corporation, Provo, UT). A scan
rate of 1 K/min was used throughout. Before the measurementsat20C overnight. The frozen cells were disrupted by grinding them
with an equal volume of aluminium oxide powder and 10 mg of were performed, the enzyme solution was dialyzed against 50 mM
Structure
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Table 3. Data Collection and Final Refinement Statistics
Data Collection Native 1 Hg-Derivative Pb-Derivative Native 2 Native/Inhibitor
Resolution range (A˚) 20–2.9 20–2.7 15–2.9 15–1.75 20–2.0
Rsyma (%) 6.9 (22.2) 7.4 (22.9) 13.7 (43.1) 4.5 (23.9) 5.0 (38.7)
Completeness (%) 99.5 (97.4) 99.1 (99.9) 99.4 (99.1) 98.9 (98.9) 96.3 (96.2)
I/I 9.9 (3.4) 9.3 (3.1) 5.2 (1.7) 12.0 (2.9) 8.4 (1.9)
Redundancy 3.5 3.8 3.6 3.7 (2.9) 4.0 (3.9)
Number of sites 6 5
Rcullis* (cen/acen) 0.63/0.69 0.84/0.87
Phasing power 1.33/1.70 0.71/0.87
Refinement Native 2 Native/Inhibitor
Number of reflections (test set) 100845 (5101) 65509 (3322)
Number of protein atoms 6994 7024
Number of water molecules 516 256






Bond (A˚) 0.005 0.006
Angles () 1.31 1.32
Improper/dihedral angles () 0.84/23.2 0.74/25.7
Ramachandran plotd 90.9/8.6/0.5/0.0 89.5/10.0/0.5/0.0
a Rsym  hi|Ihi  Ih|/hi Ihi
b Rfactor  h||Fobs|  |Fcalc||/h|Fobs|, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively.
c Rfree is calculated with 5% of the diffraction data, which were not used during the refinement.
d Most favored, additional allowed, generously allowed, and disallowed regions.
phosphate buffer (pH 8.0) containing 250 mM NaCl. Instrument base- was transferred to a solution of 0.1 M Na-acetate buffer (pH 4.6)
containing 4 M NaCl. Two heavy metal derivatives of PRIPh werelines were established with both cells filled with dialysate; the control
cell remained filled with dialysate during the scans. prepared by soaking native crystals in this solution containing 2.3
mM Hg(CH3CO2)2, for 2 days, and containing 10 mM Pb (CH3CO2)2,
for 6 days, respectively.Molecular Mass Determination
Crystals of the PRIPh/inhibitor (D-4-phosphoerythronic acid)The molecular weight of the enzyme was analyzed by performing
complex were obtained by mixing 2 l of the PRIPh solution plussodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
12 mM of D-4-phosphoerythronic acid and 2 l of reservoir solutionPAGE) using a Phast System (Pharmacia Biotech). The native size
(0.1 M Na-acetate buffer [pH 4.6] and 2.0 M NaCl). Crystals suitableof the enzyme was estimated by HPLC gel filtration at 0.5 ml/min
for X-ray analysis were obtained after 14 days at room temperature;on a TSK gel G2000SWXL (Toso, Japan) equilibrated in 50 mM
they belonged to the orthorhombic space group P212121; their cellphosphate buffer (pH 8.0) containing 150 mM NaCl. The column
dimensions are a  73.6 A˚, b  114.9 A˚, and c  119.4 A˚; and theywas calibrated using Blue Dextran 2000 (2000 kDa), thyroglobulin
diffracted to 2.0 A˚ resolution .(669 kDa), ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa),
bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymotrypsino-
gen A (25 kDa), and ribonuclease A (14 kDa). Data Collection and Structure Determination
All the data sets were collected at 100 K using a cryo-stream cooler
Sequence Alignment from Oxford Cryo-systems. The first native and the derivative data
Comparisons were made between the PRI sequences, using the sets were collected in-house (AFMB) using a 300 mm MAR Research
GeneWorks program (IntelliGenetics, Inc.) based on a PAM-250 imaging plate detector mounted on a RU200 rotating anode genera-
scoring matrix. The candidate enzymes were from P. horikoshii, tor (Rigaku, Tokyo, Japan). The generator was run at 3.2 kW with a
Methanococcus jannaschii [34], E. coli [32], spinach chloroplast [35], focal spot size of 0.3 0.3 mm2. The second native and the enzyme/
Synechocystis PCC6803 [36], and mice [37]. A phylogenetic tree inhibitor complex data sets were collected at ESRF beam line ID
was also constructed using the GeneWorks program (IntelliGene- 14 EH2 (Grenoble, France) at a wavelength of 0.9326 A˚ using a
tics, Inc.) based on an unweighted pair group method with an arith- Quantum4 ADSC CCD area detector. All the data sets were pro-
metic mean [38]. cessed with DENZO [39] and scaled with SCALA [40]; the derivatives
were merged with FHSCAL. Data collection statistics are given in
Table 3.Crystallization, Heavy Atom Derivatives,
and Complex Preparation The positions of the heavy atoms were determined using Pat-
terson methods. The MLPHARE software program was then usedPRIPh crystals were obtained by vapor diffusion in a hanging drop
at 20C. The protein solution used in the crystallization set-ups to refine the heavy atom parameters and calculate phases to 3.0 A˚
resolution. Multiple isomorphous replacement (MIR) phases werecontained 15 mg/ml protein in 50 mM Tris-HCL (Ph 8.0) and 150
mM NaCl. Drops were prepared by mixing 2 l of PRIPh solution improved after flattening the solvent using the DM program [40].
The first model for one monomer was quickly built in the resultingand 2 l of reservoir solution containing 0.1 M HEPES-Na buffer
(pH7.5) with 0.8 M Na-phosphate and 0.8 M K phosphate. Crystals map using the TPPR option of the program Turbo-Frodo [41]. The
other three copies of the molecule in the asymmetric unit werebegan to develop after 3 days, and their growth was completed
within 14 days; these crystals belonged to the P212121 space group found by molecular replacement using the program AMoRe [42].
The density modification program DM was then used again to im-with cell dimensions a  73.5 A˚, b  114.9 A˚, and c  119.0 A˚ and
diffracted to 1.75 A˚ resolution. In order to remove the phosphate prove the initial phases by simultaneously performing solvent flat-
tening, histogram matching, and 4-fold noncrystallographic symme-that produced a precipitate with heavy atom derivatives, the crystal
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try averaging. The complete model was then built in the very clearly (1956). Spinach phosphoribulokinase. J. Biol. Chem. 218,
769–783.defined resulting map. Refinement at 2.9 A˚ resolution involved simu-
lated annealing cycles using the slow-cool procedure in the CNS 13. Rutner, A.C. (1970). Spinach 5-phosphoribose isomerase. Purifi-
cation and properties of the enzyme. Biochemistry 9, 178–184.program [43] interspersed with manual rebuilding. The structure was
then refined using the high-resolution data set. The final model 14. Larimer, F.W., Jung, C.H., Chen, Y.R., and Hartman, F.C. (2002).
Heterologous overexpression of pentose-5-phosphate iso-consisted of 6994 atoms; the final R factor at 1.75 A˚ resolution was
21.6% and the R free factor was 24.1%. The complete refinement merase and pentose-5-phosphate 3-epimerase from Methano-
coccus jannashii. Microb. Comp. Genomics 3, 80.statistics are given in Table 3.
Using coordinates of the completely refined native molecule, a 15. Hain, J., Reiter, W.D., Hudepohl, U., and Zillig, W. (1992). Ele-
ments of an archaeal promoter defined by mutational analysis.difference Fourrier map was calculated. The structure of the inhibitor
molecule was easily built in the observed patch of electron density, Nucleic Acids Res. 20, 5423–5428.
16. Palmer, J.R., and Daniels, C.J. (1995). In vivo definition of anand the refinement was performed using the program CNS.
archaeal promoter. J. Bacteriol. 177, 1844–1849.
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Accession Numbers
The coordinates of native PRI and PRI in complex with the inhibitor
have been deposited, and the PDB accession codes are 1LK5 and
1LK7, respectively.
